There is considerable variability in an individual's ability to acquire a second language (L2) during adulthood. Using resting-state fMRI data acquired before training in English speakers who underwent a 12 week intensive French immersion training course, we investigated whether individual differences in intrinsic resting-state functional connectivity relate to a person's ability to acquire an L2. We focused on two key aspects of language processing-lexical retrieval in spontaneous speech and reading speed-and computed whole-brain functional connectivity from two regions of interest in the language network, namely the left anterior insula/frontal operculum (AI/FO) and the visual word form area (VWFA). Connectivity between the left AI/FO and left posterior superior temporal gyrus (STG) and between the left AI/FO and dorsal anterior cingulate cortex correlated positively with improvement in L2 lexical retrieval in spontaneous speech. Connectivity between the VWFA and left mid-STG correlated positively with improvement in L2 reading speed. These findings are consistent with the different language functions subserved by subcomponents of the language network and suggest that the human capacity to learn an L2 can be predicted by an individual's intrinsic functional connectivity within the language network.
Introduction
Language processing is supported by a widely distributed brain network anchored by core regions in the left inferior frontal gyrus (IFG) and left superior temporal gyrus (STG; Price, 2012) . The language network identified by resting-state functional connectivity shows highly reproducible patterns that are consistent with those reported in task-based brain imaging studies (Tomasi and Volkow, 2012) . Resting-state connectivity has been correlated with individual differences in behavior (Fox et al., 2007; Baldassarre et al., 2012) and is thought to reflect intrinsic functional organization of the brain (Fox and Raichle, 2007) . Previous work has linked variability in resting-state connectivity within the language network with specific language abilities, such as semantic processing (Wei et al., 2012) and reading competency (Koyama et al., 2011) .
There is considerable variability in an individual's ability to acquire a second language (L2) during adulthood (Golestani and Zatorre, 2009 ). Individual differences in resting-state connectivity have been associated with language learning abilities. Individuals with stronger left insula/frontal operculum (AI/FO)-superior parietal resting-state connectivity have been shown to perform better when learning Hindi dental-retroflex sounds (Ventura-Campos et al., 2013), and resting-state connectivity of the left insula has also been associated with better L2 word learning (Veroude et al., 2010) . The aim of the present study was to investigate the relationship between pretraining resting-state connectivity in the brain and improvement in L2 performance in adult English speakers after 12 weeks of intensive French immersion training. Given that language learning relates to improved conversational fluency and reading proficiency, we used speech samples (spontaneous speech and paragraph reading) to measure improvement in L2 learning, an approach that looks at language learning in a naturalistic and ecologically valid way (Kircher et al. 2000) .
We focused on two central aspects of language processinglexical retrieval and reading speed-that are supported by common and independent cognitive processes. Many people speak well, even multiple languages, without necessarily being competent readers, and individuals can read well without necessarily being articulate in a language (Lewis and Freebairn, 1992; Bird et al., 1995) . Evidence from both lesion and neuroimaging studies suggest that lexical retrieval and reading are mediated by overlapping but distinct neural substrates Price, 2012) . Lexical retrieval is primarily mediated by the left frontal regions (Milner, 1964; Price, 2012) . In particular, the left IFG (including AI/FO) has been linked consistently to lexical/ semantic retrieval and verbal fluency (Damasio et al., 2004; Baldo et al., 2006) , and lesions to this region result in expressive aphasia (Nestor et al., 2003) . In relation to L2 learning, the left AI/FO has been implicated in lexical search and retrieval (Klein et al., 1995; Perani et al., 2003) , and its role as a marker of L2 attainment associated with higher L2 proficiency has been emphasized (Chee et al. 2004) .
Although overt reading also involves recruitment of the left frontal region, reading recruits brain regions specifically involved in mapping the written form of language into phonological representations. Such grapheme to phoneme transformations engage the left ventral temporo-occipital cortex, known as the visual word form area (VWFA; McCandliss et al., 2003; Dehaene and Cohen, 2011) . The VWFA is activated consistently during reading across different languages (Nakamura et al., 2012) , and lesions near this region lead to slower reading speed (Gaillard et al., 2006) . Functional connectivity between visual orthographic processing and other language regions has been associated with reading abilities, suggesting that the coordination of brain regions supporting visual and phonological processing is crucial for successful reading in both L1 and L2 (Zhang et al., 2014) .
In the present study, we investigated the relationship between individual variation in resting-state connectivity and L2 learning performance. Based on previous findings, we focused on two regions of interest (ROIs): (1) the left AI/FO; and (2) the VWFA. Here we show that prelearning functional connectivity of the left AI/FO and VWFA relates to L2 learning performance in lexical retrieval in spontaneous speech and reading speed, respectively.
Materials and Methods
Participants. Fifteen English speakers (mean Ϯ SD age, 24.9 Ϯ 3.7 years; 10 females) were recruited from a 12 week intensive French training course at McGill University. Eligible participants were right-handed and had normal or corrected-to-normal visual acuity. Exclusion criteria included hearing or reading impairment, history of a traumatic brain injury or neurological disorder, or conditions incompatible with MRI (e.g., metal implants, braces, electronically, magnetically, or mechanically activated devices such as cochlear implants, or claustrophobia). Individuals with a high degree of musical skill were excluded, given the link between musical training and language ability (Schön et al., 2004 ) and the demonstrated plastic effects of musical experience on brain organization (Gaser and Schlaug, 2003) . The participants were students from outside of Quebec (nine from other provinces of Canada, two from the United States, three from the United Kingdom, and one from Australia) who had some exposure to French since arriving in Quebec but considered themselves solely speakers of English. All of them attended English schools growing up and went to English universities. Students who spoke a language other than English were excluded. The study was approved by the Research Ethics Board of the Montreal Neurological Institute (MNI), and participants gave written informed consent.
French training course. Participants completed a 12 week French intensive training course (6 h/d, 5 d/week) that was part of the "Certificate of Proficiency in French-Language and Culture" program offered by the School of Continuing Studies at McGill University, aimed at developing competence handling complex communicative exchanges and developing competence in reading. Compared with some of the previous studies related to L2 learning (Veroude et al., 2010; Ventura-Campos et al., 2013) , the L2 training in the present study was more intensive, used a real-world type of design, and was done in a more immersive setting in which a large part of learning was achieved through conversations and learning from context (combination of classroom instruction in French, conversation partners, and frequent cultural activities and interaction with native speakers). Such a naturalistic approach to L2 learning is thought to lead to better learning outcomes (Dahl and Vulchanova, 2014) .
Assessment of language proficiency before and after training. Participants were assessed for their language proficiency in English (L1) and French (L2) before (Time 1) and after (Time 2) the training course. Participants completed a subjective Language Experience and Proficiency Questionnaire (LEAP-Q; Marian et al., 2007) , which provided detailed information about language acquisition history background. Language abilities were assessed quantitatively using spontaneous speech samples generated by subjects in both English and French and standardized paragraphs that were read aloud in French and English. French and English speech samples from the participants were rated by native French and native English speakers, respectively.
We have used spontaneous speech and passage reading tasks in a recent study to assess L2 proficiency in a group of English-French bilinguals and related such behavioral measures to neuroimaging data in the same subjects during the performance of an overt reading task (Berken et al., 2015) . In the present study, we used speech samples (spontaneous speech and passage reading) to measure improvement in L2 learning because, in previous studies, we found poor correlation between scores obtained on standardized tests, such as the Peabody Picture Vocabulary Test (Dunn and Dunn, 1997) , and the ability to converse proficiently in a language. Given the global nature of the language training in this course and the global nature of language improvement, spontaneous speech samples provide a more naturalistic and ecologically valid way of assessing language improvement compared with standardized tests, which usually involve single-word processing. Spontaneous speech tasks such as the one used in the present study have been used previously to study the neural correlates of lexical retrieval in spontaneous speech (Kircher et al., 2000; Troiani et al., 2008) . Kircher et al. (2000) investigated lexical retrieval during fluent speech production by asking participants to describe Rorschach inkblots for 3 min and related the number of words produced with brain activations. In the neuropsychology and neuroimaging literature (Thurstone and Thurstone, 1943; Milner, 1964; Benton, 1968) , there is a long history of using the number of words produced within a limited time period that fit a certain criteria as an index for verbal fluency and integrity of function of the left frontal cortex. Here we extend this approach to measure lexical retrieval success during spontaneous speech generation in an L2.
In the present study, participants were instructed to speak for 2 min in each language and were asked to describe, for example, a typical day at the [beach/zoo]. They were encouraged to use relevant vocabulary to create stories that fit the prompt. Instructions were delivered in the language required for the response. We calculated the total number of words correctly produced in the spontaneous speech sample as an index of lexical retrieval success. Errors (grammar, gender, misused words) were excluded.
To assess reading skill improvement, we adapted a measure (words per minute) that has been used previously to relate brain measures to reading abilities Thiebaut de Schotten et al., 2014; Zhang et al., 2014) . Dehaene et al. (2010) showed that activations in the VWFA were correlated positively with words read per minute in word and sentence reading. Here we used whole-paragraph reading instead of singleword reading to represent reading under more natural conditions. Participants were instructed to read aloud English and French passages that were selected from a bank of short texts used extensively for neuropsychological testing at the MNI and that were matched for word count and contained all of the phonemes of the respective language. The number of words read per minute was calculated from the reading speech samples and used as an index of reading ability, similar to what was done in the study by Dehaene et al. (2010) .
Imaging procedure. Data were acquired on a 3 T TrioTim Siemens scanner using a 32-channel head coil. All participants underwent a resting fMRI scan before the language-learning course. Subjects were instructed to relax and fixate on a cross on the screen. Resting scan images were obtained in 42 3.5-mm-thick transverse slices, covering the entire brain (TR, 2210 ms; TE, 30 ms; matrix size, 64 ϫ 64; FOV, 224 mm; flip angle 90°). One hundred thirty-six volumes were obtained in 5 min 9 s. For all subjects, high-resolution T 1 -weighted images obtained from a 3D magnetization prepared rapid gradient echo sequence were used as anatomical references (TR, 23 ms; TE, 2.98 ms; slice thickness, 1 mm; image matrix, 256 ϫ 256; flip angle, 30°; FOV, 256 mm; interleaved excitation).
Functional connectivity analysis. Resting-state fMRI data were first preprocessed in SPM8 (Wellcome Department of Imaging Neuroscience, London, UK), using standard spatial preprocessing steps. Images were slice-time corrected, realigned and resliced, normalized in MNI space, and smoothed with a 6 mm kernel. Functional connectivity analysis was performed using a seed-driven approach with the in-house, custom software CONN (Chai et al., 2012; Whitfield-Gabrieli and Nieto-Castanon, 2012 ). We performed seed-voxel correlations by estimating temporal correlations between the blood oxygen level-dependent (BOLD) signal from our a priori ROIs (seeds) and BOLD signal at every brain voxel. We performed resting-state connectivity analysis from two seed regions based on coordinates from the literature: the left AI/ FO (Ϫ28, 19, 2; Chee et al., 2004) and the left VWFA (Ϫ44, Ϫ50, Ϫ20; McCandliss et al., 2003) , defined as 6 mm spheres. These two seeds were chosen related to their links with lexical retrieval/verbal fluency and reading, respectively.
Physiological and other spurious sources of noise were estimated and regressed out using the anatomical CompCor method (aCompCor; Behzadi et al., 2007) . The anatomical image for each participant was segmented into white matter (WM), gray matter, and CSF masks using SPM8. To minimize partial voluming with gray matter, the WM and CSF masks were eroded by one voxel, which resulted in substantially smaller masks than the original segmentations (Chai et al., 2012) . The eroded WM and CSF masks were then used as noise ROIs. Based on previous results (Chai et al., 2012) , five principal components of the signals from WM and CSF noise ROIs were removed with regression. A temporal bandpass filter of 0.008 -0.083 Hz was applied to the time series. Residual head motion parameters (three rotation and three translation parameters, plus another six parameters representing their first-order temporal derivatives) were regressed out. Artifact/outlier scans were also regressed out. Outlier time points during the scan were identified using ART (Artifact Detection Tools). Specifically, an image was defined as an outlier (artifact) image if the average intensity deviated Ͼ3 SDs from the mean intensity in the session or composite head movement exceeded 1 mm from the previous image. The composite head movement was computed by first converting six rotation/translation head motion parameters into another set of six parameters characterizing the trajectories of six points located on the center of each of the faces of a bounding box around the brain. The maximum scan-to-scan movement of any of these points was then computed as the single composite movement measure. Each outlier scan was represented by a single regressor in the general linear model (GLM), with a 1 for the outlier time point and 0 s elsewhere.
First-level correlation maps were produced by extracting the residual BOLD time course from each seed and computing Pearson's correlation coefficients between that time course and the time course of all other voxels. Correlation coefficients were converted to normally distributed z scores using the Fisher's transformation to allow for second-level GLM analyses. First-level connectivity maps for each participant and L2 learning outcome (Time 2 Ϫ Time 1; improvement in lexical retrieval in spontaneous speech for the AI/FO seed; improvement in reading speed for the VWFA seed) were entered into whole-brain regression analyses to determine brain regions that showed a significant relationship between resting-state connectivity strength and L2 learning outcome. In a subsidiary analysis, age and gender of the participants were included as nuisance regressors in the model to account for the effects of these factors. All reported clusters survived the threshold of p Ͻ 0.05, corrected using a familywise error correction for multiple comparisons implemented in SPM8, with a voxel-level significance of p Ͻ 0.005.
Results

Behavioral results
Self-reported proficiency in reading and speaking (LEAP-Q) increased from Time 1 to Time 2 in French ( p values Ͻ 0.001) but not in English ( p values Ͼ0.4; Table 1 ). In the L2 (French), on the spontaneous speech samples, compared with Time 1, participants improved significantly at Time 2 in lexical retrieval (i.e., number of unique words produced correctly, t (14) ϭ 8.3, p Ͻ 0.001). In L2 (French), on the passage reading, compared with Time 1, participants showed an increase at Time 2 in reading speed (t (14) ϭ 7.01, p Ͻ 0.001). Across participants, there was no correlation between improvement in lexical retrieval and reading speed ( p ϭ 0.2). In the L1 English, lexical retrieval success in spontaneous speech and paragraph reading speed did not differ at Time 1 and Time 2 ( p values Ͼ0.1).
Left AI/FO connectivity and improvement in lexical retrieval during spontaneous speech
Functional connectivity between the left AI/FO and a cluster in the left posterior STG (pSTG) and between left AI/FO and the dorsal anterior cingulate cortex (ACC) correlated with improvement in lexical retrieval (Time 2 Ϫ Time 1) while producing spontaneous speech in the L2, French ( Fig. 1;  Table 2 , top). Individuals with stronger connectivity between these regions showed greater improvement in the number of unique words produced during L2 spontaneous speech after learning. AI/FO connectivity did not correlate with improvement in reading speed in French. These clusters remained significant when age and gender were included in the GLM as nuisance regressors.
VWFA connectivity and improvement in reading speed
Functional connectivity between the VWFA seed and a cluster in the left mid-STG was correlated significantly with improvement in French paragraph reading speed (Time 2 Ϫ Time 1; Fig. 2 ; Table 2 , bottom). Individuals with stronger connectivity between these two regions showed greater improvement in French reading speed (words read per minute) after intensive language training. VWFA connectivity did not correlate with French lexical retrieval improvement as elicited during spontaneous speech. 1.7 Ϯ 0.7 3.13 Ϯ 0.8* 9.7 Ϯ 0.5 9.6 Ϯ 0.5 LEAP-Q reading 2.6 Ϯ 1.3 5.0 Ϯ 1.73* 9.7 Ϯ 0.5 9.5 Ϯ 0.7
This result remained significant when age and gender were included in the GLM as nuisance regressors.
Discussion
We examined the relationship between individual differences in intrinsic functional connectivity and L2 learning abilities. Prelearning resting-state connectivity between left AI/FO and left pSTG and between left AI/FO and dorsal ACC correlated with improvement in L2 lexical retrieval. Prelearning resting-state connectivity between the left VWFA and left mid-STG correlated with improvement in L2 reading speed. These results demonstrate that intrinsic functional connectivity can be related to individual variability in L2 learning abilities in spontaneous lexical retrieval and reading, two domains of language learning that are subserved by overlapping and distinct neural pathways. The relationship between left AI/FO connectivity and L2 lexical retrieval improvement is consistent with the role of this region in language processing and in L2 acquisition (Ardila et al., 2014) . The left IFG (including AI/FO) is involved in selection and integration of semantic information (Homae et al., 2002) , and is linked consistently to lexical retrieval and verbal fluency (Wagner et al., 2001; Damasio et al., 2004; Baldo et al., 2006; Hirshorn and Thompson-Schill, 2006; Grogan et al., 2012) . Using lesion and PET data, Damasio et al. (2004) reported left frontal operculum involvement in semantic retrieval. Grogan et al. (2012) showed that gray matter density of the left IFG correlated positively with L2 lexical efficiency, measured by the number of words produced in a timed verbal fluency task, and a recent study found verbal fluency performance correlated with increased cortical thickness in the left insula (Roehrich-Gascon et al., 2015) . In relation to L2 acquisition, increased activity in the left AI/FO has been associated with L2 word learning (Raboyeau et al., 2004) Top, Connectivity of the left AI/FO correlated with improvement in lexical retrieval during spontaneous speech (number of unique words correctly produced). Bottom, Connectivity of the VWFA correlated with improvement in reading speed (words per minute). Peak coordinates (x y z) were based on MNI space. BA, Brodmann area; k, cluster size (number of voxels).
task in highly proficient compared with less proficient bilinguals and suggested that this region is a marker of language attainment. The correlation between AI/FO connectivity and lexical fluency found in the present study may reflect the role of the left IFG in lexical retrieval and on some level in phonological processing. Using a verbal fluency task combined with voxel-and ROI-based lesion-symptom mapping, Biesbroek et al. (2015) showed that anatomical correlates of semantic and phonemic fluency overlap in the left IFG and insula. Lexical access also interacts with phonological planning during speaking (Goldrick and Blumstein, 2006; Heisler et al., 2010) . It is thus possible that the left IFG supports both semantic retrieval and phonological processing, which contribute to successful verbal fluency.
The integrity of the circuitry connecting the left IFG and left posterior language regions has been suggested to be important for L2 learning. Anatomical connectivity in a left-hemisphere network consisting of the IFG regions (insula, pars opercularis, and triangularis), inferior parietal lobule (IPL), and STG has been found to be more strongly connected in bilinguals compared with monolinguals (García-Pentó n et al., 2014) . However, the exact language processes that are facilitated by this circuit in L2 learning remain unclear. Some evidence suggests that these regions support L2 word learning and lexical retrieval. For example, the WM microstructure of the left arcuate fasciculus, which connects the left IFG with left IPL and STG, has been associated with novel word learning (Ló pez-Barroso et al., 2013) . Yang et al. (2015) showed that successful compared with less successful learners of novel words had stronger connectivity within the left IFG-IPL-STG circuit during a word-picture association task. Gray matter density of the left IFG was corrected positively with L2 lexical efficiency, measured by the number of words produced in a timed verbal fluency task, whereas gray matter density of the supramarginal gyrus reflected the number of words known (Grogan et al., 2012) . Our measure of lexical retrieval during timed spontaneous speech is similar to the lexical efficiency measure by Grogan et al. Consistent with these results, we show greater connectivity between the left AI/FO and left pSTG in participants whose lexical retrieval abilities improved more after intensive language training.
However, other evidence suggests the left IFG-parietal-STG circuit also supports phonological processing. Successful learning of non-native sounds has been associated with activations in left STG and AI/FO and IFG (Golestani and Zatorre, 2004) and with stronger left AI/FO-superior parietal connectivity during rest (Ventura-Campos et al., 2013) . Wong et al. (2007) showed successful learning of pitch patterns in words was associated with activations of the left pSTG. Thus, it is possible that the pathway connecting the left IFG and STG plays a role in semantic and phonological processes, both of which facilitate L2 learning. There is still debate regarding the exact role of the left pSTG in language processes. According to one model, the left pSTG, along with left IPL and left frontal speech articulatory regions, form the "dorsal stream" for mapping phonological representations into articulatory representations in speech production (Hickok and Poeppel, 2007) . Another model suggests that the left pSTG is also involved in lexical-semantic processing (Friederici et al., 2009; Friederici, 2012) . Our results do not answer this question but extend previous findings by showing that pretraining intrinsic functional connectivity can be related to L2 learning success and suggest that interactions of the left IFG and pSTG may facilitate processes that are important for lexical retrieval in L2 learning.
We also observed a correlation between improvement in L2 lexical retrieval and resting-state functional connectivity between the left AI/FO and dorsal ACC. The dorsal ACC, together with the anterior insula, form the core of the salience network (Seeley et al., 2007) , which is involved in control processes that detect salient stimuli and switch between internal and external attention to guide behavior (Menon and Uddin, 2010) . The functional coupling of the AI/FO and dorsal ACC enables bottom-up attention switching and top-down monitoring and selecting of sensory input (Menon and Uddin, 2010) . Word retrieval and planning during speech require such domain-general control functions (Roelofs and Piai, 2011). Our results suggest that stronger functional coupling between the left AI/FO and dorsal ACC may reflect better salience processing, which contributes to greater improvement in lexical fluency in L2 learning.
In contrast to the AI/FO-pSTG profiles correlating with improvement in lexical retrieval, a different connectivity pattern correlated with improved L2 reading speed. Reading abilities have been associated previously with variability in resting-state connectivity (Koyama et al., 2011; Zhang et al., 2014) . Zhang et al. (2014) reported that higher connectivity between visual and phonological processing regions corresponded with faster singleword reading. Anatomically, the VWFA is connected preferentially to the left perisylvian STG and left IFG. This contrasts with a nearby functional region, the fusiform face area, that is related specifically to face processing (Bouhali et al., 2014) . The WM integrity of the posterior part of the arcuate fasciculus (Catani et al., 2005) , which connects parietal and temporal language regions, including the VWFA, IPL, and STG, has been shown to correlate with L1 reading performance (Thiebaut de Schotten et al., 2014) . The acquisition of literacy is thought to strengthen the functional and anatomical link between phonemic and graphemic representations of language . Our results show that variability in intrinsic functional connectivity between VWFA and left mid-STG can account for individual differences in acquiring reading skills in L2. A previous study suggests that the mid-portion of the left STG supports sentencelevel semantic processing (Friederici et al., 2003) , which is necessarily involved in reading and facilitates rapid reading for meaning. It is possible that stronger coupling between the VWFA and left mid-STG reflects more efficient mapping of visual input of written words to phonological and semantic representations during reading, which may benefit both L1 and L2 learning.
This study focused on speech samples rather than standardized tests because participants were not trained in a laboratory but underwent language training in a naturalistic languagelearning environment. Using language samples, we assessed improvement in communicative exchanges and reading competence, both necessary for developing proficiency in an L2. Our results are consistent with previous studies using standardized measures but extend these to more ecologically valid tasks. We focused on two aspects of the speech sample most relevant to assessing distinctions between improvement in spontaneous speech (learning and retrieval of novel words) and improvement in reading (reading speed in L2). Additional pathways are likely to be important when other aspects of language are investigated, such as articulatory proficiency/accent and grammatical expertise.
Moreover, our study did not assess how L1 skills are related to performance in L2 learning because of homogeneity in L1 skills across participants and across time points assessed. It is possible that acquisition of L1 shapes and strengthens connections in the brain that support L2 learning. Another possibility is that variability in functional connectivity of the language network exists from birth, which later contributes to individual differences in L2 learning during adulthood regardless of differences in L1 acquisition. Future studies are needed to test whether optimal brain organization for L1 acquisition also leads to better outcomes for L2 learning during adulthood.
